Abstract-Tandem or multijunction solar cells are a promising method to circumvent the efficiency limit of single-junction solar cells, but there is ongoing debate over how best to interconnect the subcells in a tandem cell. In addition to four-terminal and twoterminal tandem cell architectures, a new three-terminal tandem cell architecture has recently been demonstrated, which features a standard two-terminal (front-back) circuit as well as an interdigitated back contact (IBC) circuit connected to the bottom cell. It has no middle contacts, and thus, maintains some of the simplicity of a two-terminal tandem. In this study, we measure four-terminal GaInP//Si and GaInP/GaAs//Si tandem cells in four-terminal and three-terminal configurations by connecting wires to mimic a threeterminal architecture. We demonstrate that both modes allow the same efficiencies exceeding 30% to be attained. Furthermore, we show that the IBC circuit not only collects excess power from the bottom cell, but that it can inject power into the bottom cell if it is current limiting the front-back circuit, enabling four-terminal performance in monolithic structures, regardless of which cell delivers less current.
I. INTRODUCTION

S
ILICON solar cells dominate the photovoltaic industry [1] , but laboratory efficiencies are saturating in the vicinity of 27%, near the theoretical efficiency limit of 29.6% [2] , [3] . This has stimulated a lot of research on silicon-based tandem solar cells [4] , [5] , where the efficiency limit for a single-junction Si cell is circumvented by combining it with additional junctions, which typically have a wider bandgap in order to complement M. Schnabel, E. L. Warren, J. F. Geisz, P. Stradins, and A. C. Tamboli are with the National Renewable Energy Laboratory, Golden, CO 80401 USA (e-mail:, manuel.schnabel@nrel.gov; Emily.Warren@nrel.gov; john.geisz@nrel.gov; pauls.stradins@nrel.gov; adele.tamboli@nrel.gov).
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Digital Object Identifier 10.1109/JPHOTOV.2018.2865175 the 1.1-eV bandgap of Si [6] . In particular, wider bandgap III-V semiconductors, which also lend themselves to formidable single-junction solar cells [2] , have been combined with Si to yield much higher efficiencies than are possible with a single junction of either semiconductor alone. In a four-terminal (4T) configuration, 32.5% has been achieved with a two-junction GaInP//Si cell, 32.8% with a two-junction GaAs//Si cell, and 35.9% with a triple-junction GaInP/GaAs//Si cell [5] . In twoterminal (2T) configuration, a triple-junction GaInP/GaAs//Si cell with 33.3% efficiency has recently been reported [7] . Furthermore, impressive progress has been made with perovskite/Si tandem cells: a 2T tandem with 25 .2% has been demonstrated [8] , as well as a 4T tandem with 26.4% efficiency [9] , [10] .
Common to both III-V/Si and perovskite/Si hybrid tandem material systems is that the demonstrated 4T tandems achieve higher efficiencies than the 2T tandems. This is largely because of the fact that in a 2T device, subcells are series connected, which means that unless they are precisely current matched, the subcell with the lowest current limits the device performance. 2T tandems also tend to have a poorer performance ratio than 4T cells since the current mismatch varies with incident spectrum; however, for tandems that are current matched under standard test conditions, this effect is small [11] . 2T devices can approach but rarely exceed the efficiency of 4T devices, as these allow the operation of two subcells independently and deliver all of their power with no constraints.
In terms of manufacturing complexity, 4T cells come with the caveat that they tend to require transparent, laterally conductive layers to guide current collected either at the bottom of the top cell or the top of the bottom cell, to an external circuit, which may be more expensive than the potentially thinner vertically conductive layers required to series interconnect cells in a 2T cell. Furthermore, 4T cells have four terminals which must all be contacted to collect all the power. This increases the cost of module integration and is likely to increase the inactive intercell area in a module. In addition, 4T tandems tend to require separate preparation of the subcells, whereas monolithic tandem cells could be cheaper to manufacture. For these reasons, module manufacturers would strongly prefer simpler tandem cells.
We recently proposed and demonstrated a tandem cell architecture with three terminals (3T) [see Fig. 1(d) ] [12] , [13] , which, much like a 2T device, only has contacts on the top and the bottom of the tandem cell. It requires an interdigitated back contact (IBC) bottom cell in order to have two contacts 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. of opposite polarity on the back. It is most readily understood by considering a 2T tandem cell with a single front-back (FB) circuit, where the two cells are connected either with a tunnel junction (TJ) or transparent conducting adhesive (TCA), and adding an additional terminal to the bottom cell to create a second, but not independent, IBC circuit [see Fig. 1(d) ]. It is similar, but not identical, to a tandem device that was proposed by Nagashima et al. [14] , [15] , but distinctly different from a number of other 3T tandem architectures in the literature that utilize a middle contact to collect current from two oppositely poled subcells [16] - [20] . Sentaurus simulations have indicated that the 3T device architecture discussed here should allow the collection of all the generated power, akin to a 4T tandem cell [12] . In this paper, we demonstrate experimentally that III-V//Si tandem cells can deliver equal efficiencies exceeding 30% in both 3T mode, where the two circuits interact, and 4T mode, where the two power collecting circuits are independent. Unfortunately, a monolithic 3T device [see Fig. 1(d) ] is necessarily different from a 4T device [see Fig. 1 (a)] because electrically conductive layers must be used to join subcells in a 3T tandem, whereas insulating layers must be used in a 4T tandem in order to keep the circuits separate. Therefore it is not possible to prepare a 3T and a 4T tandem cell that are identical optically [21] . However, it is possible to connect the terminals of a 4T cell in both 4T [see 
II. APPLICABILITY OF REWIRED FOUR-TERMINAL TANDEM CELLS TO THREE-TERMINAL EFFICIENCIES
Operating a 4T tandem cell in 3T mode as shown in Fig. 1 (c) is not completely identical to the monolithic 3T cell shown in Fig. 1(d) . Before comparing 4T tandem cells operated in 4T and 3T mode, it is therefore worthwhile to discuss the extent to which the 4T cell operated in 3T mode is a suitable model system for the efficiency potential of a monolithic 3T device. Just as for the monolithic 3T cell, the 3T configuration of the 4T cell involves a 2T tandem front-back circuit [see Fig. 1(b) ], supplemented by an IBC circuit [see Fig. 1(c) ]. The key difference between the two is that in a monolithic 3T cell, the top cell is connected to the front of the Si cell [see Fig. 1(d)] , whereas in our model system, the top cell is connected to the back surface field of the Si cell [see Fig. 1(c) ]. Sentaurus simulations [12] and experiments on 3T Si bottom cells alone [22] have shown that a voltage difference between front and back electron contacts can develop, but that it is small [<10 mV for conditions reasonably close to the maximum power point (MPP)], and fully explained by ohmic resistance losses in the two electron contacts. Using a rewired 4T cell to compare 4T and 3T architectures experimentally, thus, also allows differences in performance because of contact resistances and the optical properties of specific layers to be avoided, while still performing a comparison that captures the efficiency potential of a monolithic 3T tandem cell.
III. EXPERIMENTAL DETAILS
III-V top cells and Si bottom cells were prepared separately, and then assembled into 4T tandem cells by bonding them to either side of a piece of glass using epoxy, following the general procedure outlined in [23] .
Both the GaInP single-junction cell [24] and the GaInP/GaAs series-connected tandem cell [5] used in this study were grown inverted on GaAs substrates with a 2°miscut towards <111>B by metalorganic chemical vapor deposition, using the reactor, precursors, and process window described in [25] (NREL growths MP901, MP596). All III-V cells were grown with ntype absorbers and window layers and p-type rear emitters, matching the polarity shown in Fig. 1 , and processed as described in [23] . The rear heterojunction design [24] was used to achieve improved performance.
The Si bottom cells with doped poly-Si on passivating oxide contacts were prepared using 160-µm n-type Cz-Si wafers and the process described in [26] , with the cell dimensions adapted to match the 1 cm 2 III-V top cell. They were then bonded to the bottom of the III-V cell on glass using epoxy. Bonding was performed under an IR camera to ensure alignment of the cells.
As described in [23] , a number of measures were taken to ensure good optical coupling between the top cell and the Si bottom cell. The glass used was 0.6-mm thick OHARA STIL-26 glass, selected for its high refractive index of ∼1.56 which is index matched to the epoxy used (LOCTITE ECCOBOND 931-1 from Henkel). The thickness of the ZnS antireflection coating (ARC) on the bottom of the III-V cell was optimized for transmission to the Si cell. The ARC layers on the front of the Si bottom cell had been optimized for antireflection performance against air, but the textured front side of the Si cells mitigates the ARC nonideality. This allows effective coupling of both directly incident light and light reemitted in the top cell to the bottom cell. In the case of the 4T GaInP//Si device, the short-circuit current densities of the subcells sum to 38.1 mA·cm −2 , demon- strating the excellent optical coupling achieved. However, there are some optical losses through the edges of the cell. Simulations of the 4T GaInP//Si tandem cell using the raytracing calculator SunSolve TM from PVLighthouse [27] indicate that, if all light that is coupled into the cell and then scattered to the edges of the 1 cm 2 cell is lost, the short-circuit current density of the Si bottom cell would be reduced by 0.47 mA·cm −2 compared with the case of an infinitely large cell. This loss would be reduced to 0.32 mA·cm −2 if the glass were only 10 µm thick. The quantum efficiencies of all the subcells were measured on a custom-built instrument and used to set one-sun conditions during the subsequent illuminated current voltage (light IV, LIV) measurement. The LIV measurements were taken on a class A adjustable solar simulator, tuned to represent the AM1.5G spectrum at 100 mW·cm 2 , with calibrated reference cells with spectral mismatch correction [28] used to set the intensity. LEDs were used in addition to the simulator's Xenon lamp in order to achieve AM1.5G conditions in all subcells simultaneously.
In 3T configuration [see Fig. 1(c) ], the two circuits share a terminal, therefore they are not independent and cannot be measured separately, with their outputs added. We therefore reprogrammed our setup to address two sourcemeters connected to the two circuits simultaneously. A pair of voltages V FB , V IBC is applied, and the resulting current densities J FB , J IBC in the respective circuits are measured. This is repeated for many sets of V FB , V IBC to build up current maps in V FB − V IBC space, which are most conveniently visualized as contour plots [see Figs. 2 and 3]. These are then multiplied by the corresponding voltage to obtain power density maps (P FB , P IBC ), which are added to obtain a map of the total cell power density P tot = P FB + P IBC . Since the measurement is performed under AM1.5G conditions at an incident power density of 100 mW·cm −2 , power densities in mW·cm −2 are numerically equivalent to efficiencies in percent. For clarity, we refer to power densities when describing the output as a function of voltage(s), and to efficiency when stating the maximum output, i.e., that at the MPP. To obtain comparable data, we apply the same approach in 4T configuration, sweeping V top and V bot instead of V FB and V IBC . We note that while separate measurements of the two cells is typically sufficient for 4T cells, this approach is the most rigorous way of accounting for interactions between subcells in a 4T tandem, such as luminescent coupling.
IV. GAINP//SI TANDEM: POWER EXTRACTION VIA THIRD TERMINAL
Results obtained on a GaInP//Si 4T tandem cell in both 4T and 3T configuration over the entire power-producing voltage space are shown in Fig. 2 . For both configurations, the total power density and the current density in each circuit are shown. In 4T configuration, 30.3% efficiency is achieved. At the overall MPP, V top = 1.3 V and V bot = 0.55 V, and J top = 13.8 mA·cm −2 and J bot = 22.6 mA·cm −2 . The current density contour maps confirm that the circuits are almost completely independent-the J top contours are perfectly horizontal [see Fig. 2(b) ], and the J bot contours are vertical [see Fig. 2(c) ]. The only exception is the J bot contours at high V top . These are not independent because at high V top , luminescent coupling from the top to the bottom cell is more pronounced, leading to more photogenerated current in the bottom cell.
In the 3T configuration, the circuits interact, and the contour plots are more complex, with many contours depending on both V FB and V IBC . Nevertheless, Fig. 2(d) shows that the same overall efficiency of 30.3% can be achieved. Fig. 2(d) is similar to P tot plots for monolithic 3T cells in [12] and [13] , further validating the rewired 4T approach we take in this study to compare the two different operating modes.
At the overall 3T MPP, V FB = 1.85 V and V IBC = 0.55 V, and J FB = 13.8 mA·cm −2 and J IBC = 8.9 mA·cm −2 . Comparing these figures to the parameters of the 4T MPP shows that at the respective MPPs, J FB = J top , J IBC = J bot − J top , V IBC = V bot , and V FB = V top + V bot , within the resolution of the measurement. This explains why both modes allow for the same tandem solar cell efficiency: 4T mode allows the operation of the two subcells independently such that both can operated at their own MPP, and even though the two circuits interact in 3T configuration, there are evidently enough degrees of freedom for both subcells to also operate at their own MPP. The third terminal, thus, allows the extraction of all the additional power in the Si bottom cell that would be lost in a 2T tandem cell.
The 3T contour plots also reveal some unique effects that occur in this particular mode of operating a tandem cell. V FB drives the circuit that bridges both junctions and is divided across them. In the rewired 4T cell used here, the component of V FB across the Si cell must be equal to V IBC , therefore the component of V FB across the GaInP top cell is given by V FB − V IBC (the division of V FB across subcells is somewhat less trivial in monolithic 3T devices because of the aforementioned series resistance effects [12] , [13] , [22] ). Most of the diagonal current density contours in Fig. 2 (e) and (f) have unit slope which indicates that they vary primarily with the V FB component across the top cell. In both 4T and 3T mode, the decrease in either J top or J FB toward higher voltages can therefore be attributed to the GaInP cell, which is current limiting in the FB circuit of the 3T mode, approaching its V oc . In this voltage range, J bot in 4T mode is largely unaffected, except for the aforementioned luminescent coupling. Conversely, J IBC in 3T mode rises rapidly as J FB declines. This is because of the combined effect of the same luminescent coupling from the top cell, and the fact that less of the silicon cell's photogenerated current is required to match the top cell current in the FB circuit. The Si cell has more photogenerated current left over, all of which can be collected in the IBC circuit. This underscores a fundamental property and key strength of the 3T mode, which is that all current can be collected from a 3T bottom cell even when the current through one of the attached circuits is constrained.
V. GAINP/GAAS//SI TANDEM: POWER INJECTION AT THIRD TERMINAL
The same comparison of 4T and 3T performance can be performed with a 4T GaInP/GaAs//Si triple junction tandem cell. In this case, the GaInP/GaAs cell is a monolithic, 2T tandem cell, whose subcells are connected by a TJ and cannot be operated independently. The entire device is therefore still a 4T tandem cell, comprised of a GaInP/GaAs top cell with two terminals, and a Si bottom cell with two terminals. This tandem cell can therefore also be operated in 4T and 3T mode. Contour plots of total power density and current densities in each circuit in the vicinity of the MPP are shown in Fig. 3 .
As before, we observe that both configurations allow the achievement of the same efficiency, 34.2% in the case of this triple-junction cell. Furthermore, the 4T subcell current density maps in Fig. 3(b) and (c) are also consistent with prior observations: J top depends only on V top , and J bot only depends on V bot except for regions of high V top where luminescent coupling occurs. The 4T MPP parameters are V top = 2.3 V, V bot = 0.52 V, J top = 12.5 mA·cm −2 , and J bot = 10.6 mA·cm −2 . In 3T mode, the MPP occurs at V FB = 2.82 V and V IBC = 0.53 V. Within the resolution of the measurement, we again observe that V IBC for the 3T MPP matches V bot of the 4T MPP, and V FB at the 3T MPP matches the sum of V top and V bot at the 4T MPP. As with the GaInP//Si tandem, both modes deliver the same power because both modes allow the operation of the two subcells simultaneously at their respective MPP.
What is different for this tandem cell is how this occurs. At the 4T MPP, J top > J bot , therefore the IBC circuit cannot extract additional current. Examining Fig. 3(e) and (f), we observe that J IBC is actually negative at the 3T MPP (J FB = 12.6 mA·cm −2 ,
. In this case, the Si bottom cell with the third terminal would normally be current limiting the FB circuit, but the IBC circuit allows injection of current, and pumps the Si cell until it is current matched with the GaInP/GaAs MPP at 12.5-12.6 mA·cm −2 . Injecting power is not generally a desirable feature of a tandem solar cell, but it does demonstrate that the IBC circuit need not be connected to the cell that has excess current in order to have both subcells operating at their respective MPP. The 3T mode can extract the full power of the tandem cell no matter which subcell is limiting the current in the FB circuit.
On module level, two different options arise. The first is the interconnection of 3T cells using voltage matching across an integer number of cells, as proposed in [16] and [29] . This is equally feasible with current extraction and current injection in the IBC circuit. Another option is to use the 3T architecture to achieve stabilization of the power output from 2T tandem cells. 2T tandems are generally designed to be current matched, but in the field the incident spectrum varies over the course of a day, which creates current mismatch and reduced output. In a 3T cell, the 2T output could be collected via the FB circuit, while the IBC circuit either charges or discharges a small battery, depending on which subcell is limiting current. This would allow the collection of more of the tandem cell's output in the FB circuit.
VI. CONCLUSION
4T III-V//Si tandem solar cells have been prepared and operated in 4T and 3T mode. Both GaInP//Si and GaInP/GaAs//Si tandem cells were observed to achieve the same efficiency in either mode. The third terminal can either collect excess power from the cell it is connected to or inject additional power if that cell is current limiting the FB circuit. In either case, the IBC circuit collects or injects current such that both the top and the bottom cell can operate at their respective MPP, allowing the 3T mode to collect the same amount of power as the 4T mode.
Furthermore, it was discussed that 4T cells operated in 3T mode are an appropriate model system for the performance of monolithic 3T tandem cells. It has therefore been demonstrated experimentally that monolithic 3T tandem cells should be able to deliver the same efficiency as 4T tandem cells. This enables high-efficiency monolithic tandem cells with greatly increased flexibility in the selection of subcell bandgaps and materials.
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